Abstract-This paper presents advances in the development of a microrobotic platform actuated by three liquid droplets in a gaseous environment (Drop-bot or Drobot). Drobot builds on the bubble robotics concept earlier introduced by Lenders [1]. A new platform design is described allowing three actuated degrees of freedom : one translational (vertical) and two rotational (tilt). The platform-supporting droplets are generated by pushing liquid out of a tank through linear actuators. Preliminary kinematic (output/input ratio), static (compliance) and dynamic (response time and evaporation time) characterizations of Drobot are reported, as well as promising experiments with an ionic liquid, whose negligible volatility is suitable for vacuum or hot environments. Additionally, a method to deduce the platform attitude from the measurement of the electrical resistance of the droplets is discussed. This work contributes toward the automatic control of the platform, which will be fully addressed in a following publication.
I. INTRODUCTION
Microassembly deals with the assembly of submillimetric components [2] . Typical microassembly operations-such as gripping, moving, placing, and releasing microcomponents to defined locations-are affected by forces inherent to the microscale. Due to scaling laws, such forces can produce effects significantly different than at macroscale [2] , [3] . By exploiting these effects, innovative devices can be designed to address relevant problems in microassembly automation. Eminent among such problems is the need to compensate for the absence at microscale of inherent elasticity in brittle materials such as e.g. silicon. Structural compliance could accomodate positioning and manufacturing errors by avoiding high contact forces and severe damage of handled components. The need for compliance was already pinpointed in literature. A millimetric assembly table suspended by three helical springs was developed in [4] . A modular, compliant platform for microassembly with integrated force measurement capabilities was proposed in [5] . The concept of a compliant table enabled by capillary effects was then introduced by Lenders [1] , and further developed to handle components submerged in liquid using bubbles as actuators (Bubble-bot or Ro-bulle in French) [6] , [7] . Compliant microrobotics falls into two emerging domains : bubble and droplet robotics (in liquid and gaseous environments, respectively), and soft robotics.
The former-related to fluidic assembly [8] as well as to surface-tension-based microrobotics [3] -has seen for instance the use of oscillating bubbles to propel swimming robots [9] , [10] , of air bubbles to create Marangoni stresses driving cells in bulk liquid [11] and of opticallyactuated bubbles in oil as microrobots [12] . Varel recently described a rotating table based on water droplets moving unidirectionally along a circular track micromachined onto a substrate subject to vertical oscillations [13] . A low-voltage microgripper utilizing a liquid droplet to pick up and release micro-objects is presented in [14] . We call microrobotics enabled by drops and bubble drop-botics or drobotics.
Soft robotics takes inspiration from animals in the way it attempts to develop robots with soft and flexible structures. This gives the robots additional degrees of freedom and eases gaits change. Robots can thus operate in unstructured environments and limited spaces [15] . Recently, Martinez combined this approach with preliminary works on compliant actuators based on flexible elastomers [16] . Flexible medical instruments are reviewed in [17] .
The link between compliant and bubble-based actuators is their use of a confining membrane to store the actuation pressure-either polymeric, or directly provided by the liquid-gas interface). Bubble robots therefore represent a possible way toward miniaturization of compliant actuators.
After recalling the physics involved in supporting a table by surface tension forces (Sect. II), the present contribution introduces Drobot, a new platform design that allows for manipulation in a gaseous environment (Sect. III). In the new design the generation of droplets (i.e. liquid bridges) can be driven by a controller. Experimental results including kinematic (output/input ratio), static (compliance) and dynamic (response time and evaporation time) characterizations of the platform are then presented in Sect. IV, as well as preliminary, promising trials with an ionic liquid, whose negligible evaporation rate is suitable for vacuum or hot environments. Preliminary results are also shown towards a method to deduce the platform attitude from the measurement of droplets' electrical resistance. Conclusions are finally drawn towards the automatic control of the platform (Sect. V), which is however beyond the scope of this contribution.
II. PHYSICAL PRINCIPLES
The developments hereby described are enabled by the scaling laws of surface tension effects [3] . Such effects scale linearly with the length scale as they depend on the surface 2014 IEEE/ASME International Conference on Advanced Intelligent Mechatronics (AIM) Besançon, France, July [8] [9] [10] [11] 2014 tension parameter (γ, in N/m). Therefore, in the domain of microsystems-i.e. below the so-called capillary length (typically a few mm)-they overcome gravity and inertia. Surface tension effects take place at liquid-gas interfaces, and they are twofold. First, the Laplace law relates the mean curvature H and the surface tension of the interface to a pressure difference ∆p across it :
Second, tension forces act on the solids wet by a liquid-gas interface. Such forces are located on the triple contact line of the liquid on the solid. They are directed tangentially to the interface, always in the direction of the liquid. In spite of their favorable scaling law, a known weakness of surface tension effects is the lack of repeatability induced by liquid evaporation. In this work, we show that ionic liquids can be used to cope with this issue (Sect. IV-E).
III. DROBOT DESIGN
A. Overview (1) supported by three droplets (2) . The droplets are generated by ejection from an underlying platform (3). The table can be translated vertically with respect to the platform and rotated about two axes parallel to the platform plane. Three degrees of freedom can thus be actuated, similarly to a three-leg parallel robot.
A droplet is formed by ejecting a certain volume of water from a tank (4). The tank is closed off by a flexible silicone membrane (5) . A linear actuator adjoined to the membrane (6) deforms it so as to push liquid out of the tank up to the platform through the water circuit (7).
The droplets act as compliant actuators and lift the table thanks to surface tension effects (Sect. II). The resulting force applied on the table is due to the Laplace pressure difference ∆p (upwards, repulsive force for H > 0, and conversely) and to the tension force along the triple line (downwards, attractive force). Thus, when the droplet is compressed, a repulsive force is exerted on the table. Conversely, when the droplet is stretched, an attractive force acts on it. This mechanical behavior is similar to that of a spring [6] .
B. Design and Manufacturing
The design of Drobot was oriented towards ease of use and compactness. The platform which generates the droplets is composed of a water tank, a flexible silicone membrane, a set of electrodes and various supports.
The water tank features three channels manufactured using moulding techniques. The channels are shaped to avoid trapping bubbles inside the tank. Each channel is closed off by a flexible silicone membrane (Axson Essil 291, Young's modulus of 1.7 MPa, thickness of 700 µm). Sealing between channels and membrane needs to be liquidproof. 
C. Position Sensor
A measurement method for tracking the position of the table has been developed by [18] . It relies on measuring the electrical resistance of each droplet to deduce the respective height. The present design includes a set of electrodes to perform this function. In the robot analogy, the electrodes constitute compact, integrated proprioceptive sensors that can measure the length of each robot leg. 
A. Kinematics
A first characterization of the platform related the input displacement u imposed to the membrane by a single actuator to the output vertical displacement (quantifying tilt) of the table z. To determine the output/input ratio α = z/u, an input signal was applied to one of the three actuators and the corresponding table position was recorded (Fig. 4a) . As it can be seen, evaporation of the meniscus produced a slow decrease of the table position. Still, the table position amplitude was measured to be about 6 times the actuator step amplitude, corresponding to an amplification of the input position signal by a factor α = 6. As shown in Fig. 4b , this ratio is constant for liquid volumes ranging from 0.02 to 0.002 µL. The measurements were repeatable within an accuracy of ±5µm.
As a consequence, the platform is able to amplify the input position independently of the volume of liquid.
B. Membrane Characterization
As explained previously, one key advantage of the proposed platform is its compliance. The source of such compliance is twofold : partly coming from surface tension, and partly from the membrane stiffness. The complete compliance (or its inverse, the stiffness) must be known in order to chose suitable actuators.
The stiffness induced by the membrane can be obtained by relating the force increment dF developed by the actuator to deform the membrane by an extra displacement du :
where k m is the membrane stiffness. This material response was experimentally measured through the principle depicted in Fig. 5 . A cantilevered beam with known stiffness k = 20 N/m was pushed against the membrane with an actuator whose displacement a was recorded. Simultaneously, the deflection δ of the cantilevered beam was measured, which provided the actual membrane displacement u = a − δ. The applied force corresponding to u is given by kδ. In case of linear response of the membrane, the slope of its characteristics would correspond to its stiffness k m .
The experimental results are shown in Fig. 6 . For a > 500 µm, the deflection δ becomes equal to a (Fig. 6a,  red part) , which means that the membrane displacement increment is equal to zero : ∆u = ∆a − ∆δ = 0. We will limit our analysis to a single actuator displacement a = 420 µm (solid triangle symbols). Experimentally, this corresponds to u = 200 µm, i.e. a droplet height increase z = 6u = 1.2 mm, which is a conservative assumption. These results are used to compute the applied force kδ as a function of u (Fig. 6b) , leading to a linear membrane behaviour in our domain of interest (i.e. u < 200 µm), with a stiffness k m = 14 N/m.
However, we must also consider the stiffness k c induced by the meniscus. The capillary stiffness of a spherical cap can be roughly estimated as follows. Let us consider the droplet shown in Fig. 7 . In the depicted situation with cap height z, the curvature radius R is given by : 
The pressure energy E stored in the liquid is thus E = pV , where V is the volume of liquid in the Drobot. When the input u varies, so does z, which gives a force and a capillary stiffness defined as F (u) = dE/du and k c = d 2 E/du 2 , respectively :
For small displacement u, the latter equation can be further simplified into k c ≈ −(384α 3 γV /D 4 )u. Interestingly k c is negative because R decreases when u (i.e. z) increases (see Fig. 7 ). This opens interesting perspectives from a control point of view. For Drobot, similar developments will need be led not for drops as shown in Fig. 7 but for menisci supporting the table.
C. Dynamic Response
In order to estimate the table dynamics, the system response to a step input displacement is shown in Fig. 8 . Before the step, a slow evaporation-driven decrease is observed (slope of about 0.8 µm/s). The step is triggered at time t = 0, and a rising time τ = 100 ms is measured. The response curve was fitted with the following equation :
After the step, a linear decrease is observed again, with a decrease rate of about 0.8 µm/s (after t = 2s). Step response. Two different time scales are observed : background evaporation, at a rate of about -0.8 µm/s, and rising time of the input step of about τ = 100 ms.
The existence of two different time scales for evaporation and step response opens perspective towards a feedforward control technique to compensate droplet evaporation. Fig. 9 reproduces the proof-of-concept reported in our preliminary work [18] . A linear relationship between the droplet height and its electrical resistance for a given volume of liquid can be appreciated. Therefore, after volume calibration, the electrical resistance could be used to measure the height. This would provide a compact and real-time sensing method towards the control of the table position. Fig. 9 : Droplet resistance as a function of its height for increasing volumes of liquid. The linear relationship opens perspectives to measure the droplet height from its electrical resistance. (Reprinted from [18] , in accordance with the MDPI Open Access Information and Policy)
D. Position Measurement

E. Use of Ionic Liquids
Ionic liquids are molten salts at ambient temperature. Their properties are interesting for microsystems engineering. Due to very low vapor pressure, they exhibit almost no evaporation and are moreover suitable for vacuum environments or working temperatures larger than 100
• C. Their use in fluidic assembly was recently reported by Al Amin [19] .
Ionic liquids are composed by a cation and an anion. We synthetized a cation very similar to C10MI (ID 239 according to Zhang's classification [20] ), and the TFSI anion shown in Fig. 10 (ID 031 ). Density and dynamic viscosity of this liquid are tabulated by Zhang at about ρ = 1.27 g/cm 3 and η = 153 mPas. We could therefore measure its surface tension with the pendant drop method at about γ = 37.7 mNm −1 . This value is corroborated at about γ = 39.7 mNm −1 by a capillary force measurement performed with a dedicated setup, whereby the capillary force between a flat plane and a sphere is measured as well as the respective contact angles, and the surface tension is deduced using the Israelachvili equation [21] .
Since the surface tension of our ionic liquid is smaller than that of water, we investigated whether the drops are strong enough to support the table, and whether the platform can withstand eventual ionic liquid spreading.
The answer to the first question is positive, as shown in Fig. 11a . Our setup was however at its limits of droplet confinement [22] (Fig. 11b) . A new design should include sharper edges or more hydrophobic materials to better confine the spreading, low-surface-tension ionic liquid. The liquid bridge is not sufficiently constrained by the geometry of the substrate [22] , and the ionic liquid overflows and spreads onto the platform.
The interesting property of such liquids is however their negligible evaporation rate, as qualitatively shown in Fig. 12 . The difference in evaporation rate between the ionic liquid and water is quantified in Fig. 13 . The height of the ionic liquid droplet did not vary after 300 s, while that of the water droplet decreased linearly with a rate of about −0.97 µm/s. 
V. CONCLUSIONS
This paper introduced Drobot, a droplet-actuated platform for compliant micromanipulation. Physical principles, design and manufacturing of the prototype were presented. Experimental characterization of kinematics, compliance-arising from both flexible silicone membrane and liquid meniscusand dynamics along a single degree of freedom of the platform were reported. Among other results, an output/input displacement ratio of 6 µm/µm, a response time of τ = 100 ms and water droplet evaporation rate of -0.8 µm/s were established. To cope with output displacement drifts caused by liquid evaporation, an ionic liquid was tested obtaining encouraging results. The liquid has negligible volatility and is thus particularly suitable for vacuum or hot environments. Yet effective confinement over the platform of the highly wetting ionic liquid needs to be enforced for stable support of the table. Moreover, a technique to estimate the height of liquid droplets through the measurement of their electrical resistivity was proposed. Such electrical proprioceptive sensing is compatible with and expected to enable an integrated closed-loop control of the platform attitude.
This work contributes toward the automatic control of the platform and its effective use in microassembly. Future works on Drobot will focus on reduction of droplet evaporation using ionic liquid, characterization of all degrees of freedom and implementation of proprioceptive position sensors through droplet resistance measurement.
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